Epinephrine Glucose Astrocytes Brain metabolism and memory Memory consolidation and modulation a b s t r a c t Age-related impairments in memory are often attributed to failures, at either systems or molecular levels, of memory storage processes. A major characteristic of changes in memory with increasing age is the advent of forgetfulness in old vs. young animals. This review examines the contribution of a dysfunction of the mechanisms responsible for modulating the maintenance of memory in aged rats. A memorymodulating system that includes epinephrine, acting through release of glucose from liver glycogen stores, potently enhances memory in young rats. In old rats, epinephrine loses its ability to release glucose and loses its efficacy in enhancing memory. Brain measures of extracellular levels of glucose in the hippocampus during memory testing show decreases in glucose in both young and old rats, but the decreases are markedly greater in extent and duration in old rats. Importantly, the old rats do not have the ability to increase blood glucose levels in response to arousal-related epinephrine release, which is retained and even increased in aged rats. Glucose appears to be able to reverse fully the increased rate of forgetting seen in old rats. This set of findings suggests that physiological mechanisms outside of the brain, i.e. changes in neuroendocrine functions, may contribute substantially to the onset of rapid forgetting in aged animals.
Introduction
Aging is accompanied by rapid forgetting in humans (e.g., Craik, Anderson, Kerr, & Li Karen, 1995; Craik & Salthouse, 1992; Davis et al., 2003; Kausler, 1994; Mary, Schreiner, & Peigneux, 2013) and increased forgetfulness with aging is also evident in animals other than humans, as detailed below. In particular, studies using laboratory rodents show age-related increases in rates of forgetting and provide reliable and valid models with which to study the biological bases of forgetfulness during aging. The issue of the rapid forgetting that characterizes memory in aged animals is the focus of this paper.
Background: Epinephrine and glucose modulation of memory processing
It has been known since at least the early 20th century that there is an optimal level of arousal that facilitates information processing and promotes memory formation (Yerkes & Dodson, 1908) . Epinephrine is perhaps the best-studied example of a hormonal mediator of the modulation of memory by arousal. Epinephrine administered near the time of behavioral testing enhances learning and memory across a wide spectrum of tasks in rodents (cf. Gold, 2008, in press) and also enhances the durability of long-term potentiation (Korol & Gold, 2008) . Administration of epinephrine also enhances memory in humans (Cahill & Alkire, 2003; Cahill, Gorski, & Le, 2003) . Together, the results suggest that the conditions under which epinephrine enhances cognitive functions are very broad.
Epinephrine is released from the adrenal medulla in graded fashion during times of arousal and thus is physiologically wellpositioned to play an important role in the sequelae that modulate memory (Gold & McGaugh, 1975) . Plasma levels of the hormone increase about twofold above baseline when rats are placed in a novel environment, increasing several fold after footshock or after immersion in water, as in inhibitory avoidance and swim tasks, respectively (Mabry, Gold, & McCarty, 1995a , 1995b 
